The subject which I am to talk about is too big even for a volume, Iet alone for a short lecture. At best I can only present an outline, with a few illustrative examples of the various aspects of the subject. I am afraid that there will be littlethat is new for most ofyou in what I will say, butthat is an unavoidable consequence of covering a very broad subject briefly before experts. I only hope that there will be at least something new for the majority.
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COMPOSITION OF SURFACE
Let us start with the composition of the surface. We all knowthat the surface of a metal, like iron or aluminium, is not composed of iron or alumini um atoms only, but of atoms of iron or alumini um plus oxygen; in other words, the body of the metal is covered partly or wholly with an oxide surface. When a solid consists of two or more components, the composition of the surface is likely to be quite different from the composition of the body. For example, comparison of physical and chemical adsorption of carbon monoxide on a singly promoted iron synthetic ammonia catalyst reveals that even though the catalyst contains only about 1 per cent aluminium oxide, about 35 per cent ofthe surface is covered with the oxidel.
Besides such differences between body and surface compositions as are caused by the inadvertent or purposeful addition of another component~ there are differences which exist even for single-component solids. The stoichiometry of the surface may be different from that of the body; for example, the surface of an oxide may be deficient in oxygen compared with the body stoichiometry. I will give you a much less well-known example from our own work. For more than a decade, my colleagues and I have been investigating the properties of a calcium silicate hydrate, which we call tobermorite gel. I am sure that not many of you have heard about this substance, so it will perhaps surprise you that last year about 200 million tons of tobermorite gel were produced in the world, and its production increases every year. It is the cementing constituent of concrete and consists of extremely thin sheets-only two or three pseudo-cells in thickness- Figure 1 shows cross-sectional views of the sheets, and the top and bottom lines represent the surface. The calcium silicate hydrate consists of lime, silica and water, but the water is not shown. It can be seen that the composition of the surface is quite different from that of the body2.
GEOMETRY OF SURFACE
The geometric arrangement of the surface atoms in a solid is different from that in a plane parallel to the surface and inside the body. An old 
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2Ca0 ----------- 1· 38 CaO + 2 SiOz -{l=========t 2Ca0 -r----------0·77 CaO + 1 SiOz Figure 1 . Two-and three-layer tobermorite gel example is the existence of the so-called "Beilby layer", an amorphous layer on the surfaces of certain crystalline solids. A newer example is shown in Figure 2 (Benson, Freeman and Dempsey3). They calculated the distortion in the surface region of an alkali halide crystal bounded by a {1 00} face, and Figure 2 shows the positive and negative displacements of the ions, normal to the surface, for sodium chloride. The calculations were carried out for five layers; on the abscissa, 0 means the surface layer, 1 means the Iayer below the surface, etc. On the ordinate, the displacement is measured in terms of a, the lattice parameter. It should be noted that in the surface layer the chloride ion moves outward to the extent ofabout 3·5 per cent of a, and the sodium ion moves inward to the extent of about 9 per cent of a. In the fifth layer there is very little distortion. This sort of polarization of the surface was postulated by Weyllong ago, and he advanced many valid arguments from experiments to support his views4. The nature and geometry of the surface play vital roles in chemisorption and catalysis. The importance of the geometry of the surface in catalysis was first shown by Balandin5, and subsequently Beeck6 made significant contributions to this subject. The influence of the electronic structure of the solid surface on catalysis was expounded by Dowden7. KiselevB demonstrated the importance of the nature and geometry of the adsorbent in gas chromatography. By physical and chemical tre;:ttments of the adsorbent, he and his colleagues were able to produce the geometrical and chemical structures suitable for separations of different substances.
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GEOMETRICAL HETEROGENEITY OF THE SURFACE AND ITS EFFECT ON THE ENERGIES OF THE SITES
Let us consider next the energy states of atoms in the surface. Because the atoms in the surface have fewer neighbours than the atoms in the body of a solid, surface and body atoms are in different energy states. A pair of sodium and chloride ions in the surface is in a higher energy state than a pair in the body, and the energy excess is called surface energy. Not only the total energy, but the enthalpy, entropy and free energy of surface molecules are all greater than the corresponding thermodynamic properties ofthe body molecules. The differences are called surface total energy, enthalpy, entropy and free energy, and these quantities have been determined for some solids. The surface energy quantities are usually expressed in erg/cm2; their determination, therefore, involves energy and surface area measurements.
The surface energy quantities thus obtained are average quantities for the entire surface of the solid. Averages are usually important quantities, but they seldom give all the information we want. For exarnple, the surface energy of sodium chloride does not give the excess energy at a site which is exactly above a sodium ion or a chloride ion, or halfway between them. On the surface of a real solid, molecules may be in a great variety of different energy states. Figure 3 (Dunningll) illustrates this. The molecules here are represented as cubes, and it is clear that the molecules in the surface, at an edge, at a corner, at a step, at a kink in the step, at a vacancy in the surface, and so on, have different numbers of neighbours; consequently, they are in different energy states. Even this does not exhaust the possibilities of energy 295 differences. If a crystal is bounded by different crystallographic planes, the surface energies of these planes are different. Impurities and amorphous spots may increase the energetic heterogeneity of the surface. The energy distribution of surface sites is an important property of the surface of a solid, and it has been investigated in a variety ofways. One ofthe oldest ways was 2 L7 4 1 Figure 3 . Energetically different sites on the surface of a solid the demonstration of the Variation of the heat of adsorption of a gas on a surface with increasing surface coverage. The gas molecules at lowest pressures, or at lowest surface coverages, are adsorbed on the high~st energy sites, and a plot of the heat of adsorption against the amount adsorbed is usually a decreasing function. An example of this is shown in Figure 4 obtained for a small-pore active carbon and curve (b) for a non-porous carbon black. Each curve shows the energetic heterogeneity of the particular surface, but it should also be noted that the porous carbon gives considerably higher heats of adsorption. Weshallreturn to this point later.
Another example is shown in Figure 5 ( Adamson and Lingll). Adamson and Ling calculated the site energy distribution from adsorption isotherms by a refinement of a method originally proposed by Roginski. The data shown here are based on adsorption isotherms of nitrogen, oxygen and butane on rutile (Ti02) obtained by Honig and Reyerson12, The plots on graph (a) represent Q, the adsorbent-adsorbate interaction energy, against F, the fraction of surface whose site energy is equal to or greater than Q. The curves are independent oftemperature, but do not coincide. This means that they are not properties of the adsorbent alone but depend both on the adsorbent and the adsorbate. On graph (b) are plots of dF/dQagainst Q.
Adamson and Ling call the curves (a) integral site energy distributions and curves (b) differential site energy distributions. Strictly speaking, however, they are not site energy distributions; the true energy of a surface site is the energy of an atom or a molecule located at that site minus the energy of an atom or a molecule in the body of the solid. True energy site distribution curves, as far as I know, have not been obtained to date for any solid; but the types of curves shown in Figure 5 give us a reasonably good idea about the energetic heterogeneity of the surface of a solid.
EXTENT OF SURFACE I mentioned before that the determination of the average surface energy quantities requires energy measurements and surface area measurements. One ofthe most important properties of a surface is its extenL It is especially important in physical adsorption, in which the extent of surface usually 297 pJays a far more important role that the nature of the surface. Unless the adsorbent-adsorbate interaction is very weak, the amount of gas adsorbed at or near its boiling point depends primarily on the size of the surface and the size of the adsorbate molecule-the nature of the surface and of the adsorbate play only secondary roles. In chemisorption and catalysis, the nature of the surface is decisive; but, interestingly, even in these phenomena the extent of the total surface is an important factor. In the catalytic industries of the United States, measurement of the total surface area is widely used for testing of catalysts. It is well-known that the total surface is seldom, if ever, active in industrial catalysis, but apparently in many instances the catalytically active part of the surface constitutes a reasonably constant fraction of the total.
The most widely used method for the determination of the specific surface area of a solid is the gas adsorption method, commonly called BET method 13. From a BET plot, the parameter Vm can be calculated, which gives the nurober of molecules necessary to cover the entire surface with a single layer of adsorbate. For many practical purposes this is sufficient; for example, in a plant which manufactures a given catalyst, comparison of the Vm values can reveal whether a new batch of catalysts is acceptable or not. In many instances, however, and especially in scientific research, one usually needs to know the absolute surface area, and this can be calculated only if the area covered by an adsorbate molecule is known. This is not always easy to obtain, especially because a given adsorbate molecule may cover areas of different sizes on different adsorbents. For example, the attraction of dipole molecules by ionic surfaces Ieads to orientation and to differences in the packing of the adsorbed molecules on the surface; thus, Harkins gave five different adsorption areas for water molecules on five different ionic adsorbents14. The most widely used adsorbate for surface area determinations is nitrogen. Because of its inert nature, one can use the area value of 16·2 A2 per molecule, calculated from the density of liquid nitrogen at its boiling point and confirmed by Harkins and Jura15 with considerable assurance. Nevertheles.s, even with nitrogen some caution must be used. Recently, Pierce has advanced convincing arguments to show that nitrogen was oriented on the energetically uniform surface of a graphitized carbon. The packing ofthe molecules was determined by the underlying surface, and the area covered by a nitrogen molecule was 20 A, or 23 per cent greater than the standard value16.
LOCATION OF SURFACE
Further complications in the determination of the extent of surface may be caused by the location of the surface. A solid may be porous or nonporous. In a porous solid, the geometric surface is obviously different from the true surface, but usually there is a difference even in non-porous solids. Roughnesses in the surface on a molecular scale are not visible even in an electron microscope; consequently, gas adsorption ordinarily gives a larger surface area than the geometric surface. The ratio of the former to the latter is called the roughness factor. This is usually a small nurober; seldom greater than 2. In porous solids, however, the true surface may be orders ofmagnitude greater than the geometric surface.
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Fora number of years, the importance of the location of the surface has been realized. Methods of pore structure analysis have been developed, and they are being used not only in research but also in some industries which employ catalysts and adsorbents. This is understandable if it is considered that the sizes of pores can influence the order and the energy of activation of a ca talytic reaction, the poisoning characteristics of the surface for one reaction compared to another, and the extent to which a porous solid can build up temperature and pressure gradients during catalytic reactions17. Kiselev et a [,lS showed that for the chromatographic separation of lowboiling hydrocarbons it is desirable to use silica gels with an average pore diameter not exceeding 20 A; for the separation of hydrocarbons with boiling temperatures under 100°C the average pore diameter should be between 50 and 200 A; and for the separa tion of higher-boiling h ydrocarbons larger pore silica gels are needed. As I stated before, they were able to produce all these adsorbents.
Barrett, Joyner and Halenda19 calculated the pore volume distribution in certain adsorbents from adsorption and desorption isotherms on the basis of the assumption that the pores were cylindrical capillaries open at both ends; Granston and Inkley2o did the same but assumed that the cylindrical capillaries were closed at one end. By either method one can obtain the volumes of pores having radii between r and r + t!r, and also the surface areas ofthe pore walls corresponding to each size range. Recently, Roberts21 developed a method by which values can be obtained both for slit-shaped pores and cylindrical pores. These methods of pore structure analysis are rough idealizations, because no solid contains only cylindrical or only slitshaped pores. Nevertheless, they are valuable in a semi-quantitative way; narrow pores, of whatever shape, in the real solid will appear as narrow pores in the cylindrical or the parallel plate approximation. Of course, exact quantitative correspondence cannot be expected. The adsorption data were obtained by Spencer for a number of silica gel samples22. The table contains the experimental pore volumes, the cumulative pore volumes based on both the cylindrical and the parallel plate models, and the ratios of the cumulative surface areas to the BET areas. What I wish to emphasize, however, is the last column, which gives the mean pore radii based on the two very different models. The values arenot the same, but they arenot far from each other. Both methods establish the same ordering of mean pore sizes for the six silica gel samples shown in the table; and the ratio of the largest to the smallest mean pore radius is 3·5 on the basis of the cylindrical model and 3·2 on the basis of the parallel plate model.
There are solids that contain, almost exclusively, only very small pores. The pores in dehydrated chabazite, for example, aresosmall that molecules as large as or larger than benzene cannot penetrate into them at all. Practically all porous solids, however, have a much wider range of pore sizes than chabazite. It is frequently found that if the surface area of a porous solid is measured by gas adsorption, one obtains smaller values for the surface if !arger molecules are used as the adsorbate. The obvious explanationisthat there are some pores in the solid that are either too small or have entrances which are too narrow to admit the larger molecules.
Besides the fact that large molecules cannot penetrate into small pores, there isanother difficulty in determining surface areas located in very narrow pores. This applies even to pores into which the asdorbate can penetrate. The two-parameter BET equation was derived for adsorption on a free surface, but an equation for a porous adsorbent in which a maximum of n layers can be adsorbed at saturation pressure is also given by Brunauer, Ernmett and Teller13. This three-parameter equation, together with a similar one derived by Pickett, is given below:
Because x, the relative pressure, in the surface measurements is usually in the range of0·1 to 0·3, ifn is notasmall integer, the terms which contain n will be negligible, and the three-parameter equation will reduce to the customary two-parameter BET equation. This is the reason why one can get good Vm values for the great majority of porous adsorbents by using the two-parameter equation. However, if very narrow pores predominate in a solid, the Vm value obtained by the customary method is not very accurate. Some investigators, therefore, used the three-parameter equation to obtain a better value. Pickett23 pointed out that with the assumptions we made in the derivation of the three-parameter equation one cannot obtain a complete filling of the pores with adsorbate even at saturation pressure; he introduced, therefore, an added assumption to avoid this difficulty. Hill24 pointed out that Pickett's assumption violates the principle of microscopic reversibility, and Hill is correct in saying this. However, in porous bodies, for which Pickett's equation was derived, there is adsorption hysteresis-in other words, there is no perfect thermodynamic reversibility. I t is questionable, therefore, that in such systems one should demand microscopic reversibility. At any rate, for the application I am discussing now, both equations give almost identical results, but Pickett's equation is simpler.
In principle, there may be pores which are so narrow that no molecules can get into them, though it seems likely that two surfaces, which approach each other to a distance less than the diameter of a small molecule, will probably adhere to each other and the surfaces will disappear. We have found, for example, that small angle X-ray scattering gives exactly the same surface area as water vapour adsorption for hardened portland cement paste. In our determination of the surface energies of calcium oxide and calcium hydroxide we found that X-ray line broadening gave the same surface as nitrogen adsorption 25.
THICKNESS OF THE SURFACE LAYER
Having discussed the extent and location ofthe surface and the determination of the surface area at some length, we may now raise another question:
how thick is the surface? It sounds somewhat incongruous to talk about the third dimension of a surface, but the fact is that the surface I have been talking about is not a mathematical plane but a physical entity. It is true that the "dividing surface" of Gibbs is a mathematical plane, but I am discussing the surfaces of real solids now. The surface is composed of atoms and the atoms have dimensions; consequently, as a first approximation it may be said that the dimensions of the atoms in the outermost layer determine the thickness of the surface. This, however, is not the whole story. In Figure 2 it has been seen that the atoms in sodium chloride are significantly displaced from their normalpositiondown to the fifth layer. Even in the fifth layer the atoms are in a different energy state from that in the body, which implies that they make a contribution to the surface energy.
The situation is much simpler for inert gas crystals. Alder, Vaisnys and Jura found that the distortion in the second and deeper layers contributed a negligible amount (much less than 1 per cent) to the surface energy26. In this case, it is a good approximation to say that the surface consists of the outermost layer of atoms only. It is not so, however, with sodium chloride. The distortion correction to the surface energy for a single layer is -52·7 ergjcm2, for five layers it is -104·1 ergfcm2, and for the entire crystal it is -107·5 ergfcm 2 • The experimental surface energy is 276 ergfcm2 (Benson, Schreiber and van Zeggeren27); thus, the contribution oflayers below the fifth is of the order of 1 per cent and, therefore, negligible.
Once a ehernist friend of mine asked me why we surface chemists do not express surface energy in terms of ergs per molecule. The answer is clear from the foregoing. Certainly, after determining the extent of surface, we could calculate how many molecules are in the surface, but if we divide the excess energy by the number of molecules in the surface, we would make a mistake. As we have seen, molecules in the underlying layers of ionic crystals also contribute to the surface energy significantly.
SURFACE THERMODYNAMIC QUANTITIES
Surface total energy and surface free energy.
The value of 276 ergfcm2 for the surface total energy of sodium chloride, which I have just mentioned, was obtained by Benson, Schreiber and van Zeggeren 27 by the heat of solution method. They determined the heats of solution of sodium chloride samples having different specific surface areas, and they measured the specific surface areas by nitrogen adsorption. Naturally, this method determined surface enthalpies; but, following Gibbs, I assume that the difference between surface enthalpy and surface total energy is negligible. Morrison and Patterson determined the specific heats of sodium chloride samples in different states of subdivision28 and they calculated (unpublished results) that the surface TJS term at room temperature was about 10 per cent ofthe surface total energy. This would make the surface free energy 250 ergfcm2 at room temperature. Jura and Garland obtained 1090 ergfcm2 for the surface total energy and 1000 ergfcm2 for the surface free energy ofmagnesium mcide at room temperature. Here again the surface free energy was about 90 per cent of the surface total energy29.
My colleagues and I determined the surface energies of several ionic crystals at room temperature by the heat of solution method. In my opinion, this is by far the most reliable method for obtaining absolute values. Nevertheless, I should like to mention that Kuznetsov30 by his method of splitting rocksalt crystals along the {100} face, obtained a value of 300 ergfcm2 for the surface free energy of sodium chloride, which is within 20 per cent of the value obtained from the data of Benson and Morrison. Thus, under favourable circumstances, other methods can also give reasonably reliable values.
Theoretical calculations of surface energies have not as yet reached the stage that they can replace or compete with experimental values. Even so, much can be learned about the surfaces of solids from calculations. This is the reason why I discussed Benson's calculations of surface distortion and will mention his surface tension calculatimis later. When we have both theoretical and experimental values for surface energies, the best theroetical values do not differ from the best experimental values by as much as a factor of 2. This is worth keeping in mind when we judge the correctness of certain experimental values.
I will give an example of this. Recently a theoretical paper was published on the surface total energies of certain sulphates, and the value of 574 ergfcm2 was given for calcium sulphate31, More than four decades ago, Dundon and Mack32 determined the interfacial free energy for the gypsumwater interface by measuring the solubilities of gypsum crystals of different sizes. They obtained a value of370 ergfcm2. These two values are consistent with each other. In the first place, the surface total energy of gypsum should be lower than the surface total energy of anhydrous sulphate. In the second place, the surface free energy of gypsum should be lower than its surface total energy. In the third place, the interfacial free energy of the gypsumwater interface should be lower than the surface free energy of gypsum. I believe that I could have estimated one quantity from the other within 10 per cent. In contrast with this, Kuznetsov gives a value of 39 ergfcm2 for the surface free energy of gypsum, which was obtained by his method of mutual grinding33. His value is based on a surface free energy value of 150 erg/cm2 for sodium chloride. If we use the correct value of 250 ergfcm2 for sodium chloride, Kuznetsov's value for gypsum becomes 52 ergfcm 2 • This is still only about one-tenth of the theoretical value, and I cannot accept it. I wish to say, though, that I learned much about solid surfaces from the English translation of Kuznetsov's most interesting book Surface Energy of Solids. Nevertheless, I believe that some of his ingenious methods for the determination of surface free energies do not give correct absolute values in some cases.
I discussed earlier many of the factors that may give rise to energetic heterogeneity of the surface, and I am sure that I did not ex.haust all the possibilities. In view of this, one may legitimately ask the question whether any two preparations of the same substance ever possess the same surface total energy. Figure 6 gives an answer to this. The figure shows a plot of the heat of solution against the specific surface area for the calcium silicate hydrate called tobermorite gel, a substance which I discussed earlier34. The slope ofthe straight line gives the surface total energy, which is 386 ergfcm2. The 14 points represent 14 different preparations. Half of the samples were prepared by the hydration of tricalcium silicate, half by the hydration of dicalcium silicate. These two si1icates differ in composition, they have quite different crystal structures and they react with water at vastly different rates. Three different methods ofhydration were used: (i) a water tosilicate ratio of 0·7, and the mixture was allowed to stand; (ii) a water to silicate ratio of9·0, and the slurry was rotated on a wheel; and (iii) a water to silicate ratio of 9·0, and the slurry was ground in a small steel ball mill. These three different methods produce very different rates of hydration. The points show some scatter from the straight line, and I am sure that this is due to experimental error. However, Iet us assume that this is not so. Consider the point designated D-49, which deviates farthest from the straight line. It is 2·6 calfg too high. Let us assume first that all of this difference is caused by some variation in the body structure, such as, for example, differences in crystal defects. The 2·6 calfg amounts only to 0·58 per cent of the heat of solution. Let us assume next that none of the difference is caused by variation in the body structure, but all ofit is caused by variation in the surface structure. The 2·6 calfg amounts only to 7·6 per cent ofthe surface total energy of tobermorite gel. We can conclude, therefore, that 14 different preparations Iead to the same body and surface structure and to the same value ofsurface total energy. I should like to mention another interesting point about the surface energy of tobermorite gel. Prior to its determination, we determined the surface total energies of calcium hydroxide25 and hydrous amorphous silica35, and obtained the values of 1180 and 129 ergfcm 2 . One would expect that the surface total energy of tobermorite gel is between these values for two reasons. Speaking with some license, the surface of the calcium silicate hydrate is a sort of "chemical mixture" between the surfaces of calcium hydroxide and hydrous silica. In addition, the calcium hydroxide used in the surface energy determination contai;ned almost perfect crystals, the hydrous silica was amorphous, and the calcium silicate hydrate was intermediate between the two, i.e., it was poorly crystallized. The surface energy of tobermorite gel is almost exactly the geornetric mean between the surface energies of calcium hydroxide and hydrous amorphous silica.
Relation between surface free energy and surface tension It is well-known that the surface free energy in ergfcm2 is equal to the surface tension in dynefcm for liquids and that the two are not equal for solids. The expression for the surface tension of an isotropic body is given below:
where y = surface tension; A = surface area; Fs = surface free energy.
For liquids, the last term in this equation is zero, but for solids it is usually quite large, andin fact it may belarger than the surface free energy term. A very recent calculation of Benson and Yun36 gives a value of 438 dynefcm for the surface tension of sodium chloride at 0°K, which is three times as large as the calculated and twice as large as the experimental surface free energy. I mention this because, even though I am convinced that there are very few surface chemists who do not know tha t surface tension and surface free energy are not the same for solids, I found, even while preparing this lecture, that some of our best surface chemists used the term "surface tension" when they should have used "surface free energy" or vice versa. There is also a considerable divergence in terminology. Some use surface free energy and surface tension as synonymous terms and use the term "surface stress" for what I have called here surface tension. I believe that the IUPAC Subcommission of which Academician Dubinin is the Chairman and I am one of the members (Subcommission B of the Goromission on Colloid and Surface Chemistry) ought to make an attempt to straighten out the terminology and defip.itions.
. Because of the tension in the surface, the body of the solid is in compression; in other words, surface tension reduces the dimensions of a crystal. This was experimentally demonstrated by Nicolson37, who investigated the lattice distances of small magnesium oxide and sodium chloride crystals. The well-known volume changesthat have been shown to occur in certain adsorption processes likewise give evidence of the same phenomenon. Adsorption results in a decrease of surface free energy and a decrease of surface tension; thus, the compression of the body diminishes and the solid expands.
It is not within the scope of this paper to discuss the effects of adsorbed films on the surfaces and the bodies of solids. These effects may, indeed, be spectacular, as Likhtman, Shchukin and Rehbinder strikingly demonstrated38. The adsorbate may even cause a rearrangement of the surface atoms into a new and distinct pattern, as was shown by Germer, MacRae and Hartman39 for the {110} face of nicke!. I must leave this subject to others and proceed to the next section.
SURFACE FORCES
The importance of the surface of a solid lies in the fact that forces reside in the surface. If there were no such surface forees-in other words, if the surface were inert-it would not matter what the nature or the extent of the surface was. The surface forces give rise to a potential field surrounding the solid. Because ofthe energetic heterogeneity of the surfaces of most solids, the potential is different at different sites of the surface, and the potential normal to the surface diminishes with the distance from the surface for both uniform and non-uniform surfaces.
The variation of the heat of adsorption with the amount adsorbed is an evidence of the heterogeneous force field surrounding the adsorbent. Referring to Figure 4 , the much higher heat of adsorption obtained for the porous carbon may be interpreted as resulting from the superposition of the fields of the opposite walls in the micropores of carbon, as was pointed out by Dubinin40.
Multi-layer adsorption ofvapours is an evidence ofthe potential field normal to the surface. One of the oldest quantitative theories of physical adsorption, advanced by Polanyi41, is called the "potential theory", because it explains adsorption in terms of the potential field surrounding the adsorbent. Later the potential theory has been much farther developed by Dubinin40, but a detailed discussion of their work is not possible here.
The fact that a second, third, and higher adsorbed layer can build up on the surface of an adsorbent at pressures below the Saturation pressure indicates that the potential field surrounding the surface has appreciable values at distances of several molecular diameters. Certainly, the rnain interaction energy term in the second and higher adsorbed layers is that between adsorbate molecules on the surface and adsorbate molecules coming from the vapour phase, but without the added attraction of the surface, the vapour molecules would not condense below the saturation pressure. The fact that they do condense also shows that the adsorbate is in a lower free energy state than the liquid. The free energy change in the process of bringing a vapour molecule from outside the potential field to a point within the potential field can serve and hasservedas a measure ofthe adsorption potential at that point.
Brunauer, Ernmett and Teller13 assumed that the heat of adsorption of the second and higher layers was the same as the heat of condensation of the vapour, butthat the entropy changewas different; Frenke142, Halsey43 and Hill44 assumed that the heat of adsorption varied as the inverse cube or a somewhat lower power of the distance from the surface, but that the entropy changewas the same as in the condensation of the vapour. I am sure that it was clear to all of these authors that both the enthalpy and entropy changes were different in multi-layer adsorptionandin condensation, but the approximations employed permitted them to derive isotherm equations that have found useful applications.
Chessick et a[. 45 investigated the energies of interaction between polar and non-polar surfaces and polar and non-polar adsorbates by heats of immersion measurements. They concluded that the London dispersion forces were responsible for the interaction between a graphon ( carbon) surface and either polar or non-polar adsorbates. However, when the surface was polar (rutile), the interaction between the force field ofthe surface and the dipole of the adsorbate played a decisive role, and even the interaction between the force field of the surface and the dipole induced by the surface into the adsorbate made a significant contribution to the heats ofimmersion. They calculated that the average field strength of the rutlie surface at a distance of about 2 A was 2·7 X 105 e.s.u. Bewig and Zisman46 estimated that the electrostatic image field outside a metal surface at a distance of 2 A had an average strength of 3 X 105 e.s.u., and showed that the calculated dipole induced by a platinum surface into hexane was in fair agreement with the induced dipole calculated from contact potential measurements.
Vapour adsorption gives evidence of relatively short range surface forces because only a few layers of molecules are adsorbed just below saturation pressure. However, th.ere is a good deal of evidence for much Iongerrange forces, which have been demonstrated both experimentally and on theoretical grounds. In this connection, I should like to mention the names of Deryaguin47 and Verwey and Overbeek48.
